1. Introduction {#sec0005}
===============

Nucleic acids (DNA/RNA) are the biopolymers which provide fundamental base to the impressive array of complex cellular functions of all known forms of life. These essential building blocks have powerful molecular recognition system, endowing with reliable information transfer by means of various processes such as replication, transcription, and translation. Hence, they play a diverse role in various fields such as research, therapeutics, diagnostics, and nanotechnology. Peptide Nucleic Acids (PNAs), introduced by Nielsen and co-workers in 1991 are DNA/RNA analogues ([@bib0360]), whereby *N*-2-aminoethylglycine repeating units replace the sugar-phosphate backbone and the polyamide chain is linked to nucleobases covalently through a carboxymethyl spacer ([Fig. 1](#fig0005){ref-type="fig"} ). The attached nucleobases are natural and so through Watson-Crick base pairing can bind to complementary DNA/RNA ([@bib0100]). Since the PNA backbone does not contain any charged phosphate group, the absence of electrostatic repulsion gives rise to a stronger binding between PNA/DNA strands than that of DNA/DNA duplex. Consequently, the thermal stability of PNA/DNA duplexes as compared to natural DNA/DNA double helix of the same length is higher. Moreover, unlike DNA/DNA, PNA/DNA duplex is much less affected by medium with high ionic strength medium. The two strands in PNA/DNA hybrid can be fashioned in either parallel or antiparallel orientation but the later mode grabs higher stability due to the achiral backbone of PNA. The stability of the PNA/DNA duplexes is also found to be highly sensitive to the existence of a single mismatched base pair. Early experiments with homopyrimidine strands (only one repeated pyrimidine base) showed that the *T* ~m~ ("melting" temperature) of a double helix 6-base thymine PNA/adenine DNA was 31 °C as compared to an equivalent 6-base DNA/DNA duplex that denatured at a temperature less than 10 °C. Therefore, PNA probes are very sequence-selective and advanced to DNA probes in single-base mismatch recognition ([@bib0025]). The exceptional sequence selectivity and mismatch intolerance ability of PNA was also proved by comparing the crystal structures of RNA-antisense PNA heteroduplex and PNA-PNA homoduplex with mismatch ([@bib0230]). As enzymes are substrate specific so the recognition of PNA neutral backbone is not easy by either nucleases or proteases, making them potentially resistant to enzymatic degradation and their stability over wide pH range. In the lieu of finding relationship of PNA to the origin of life, it was found that PNA-like materials are present in cyanobacteria ([@bib0040]). Moreover, the potential of PNA to invade dsDNA has led to the theory that it may have been a prebiotic material ([@bib0365]).Fig. 1Structural difference between DNA, PNA and RNA.Fig. 1

Though there are some of the disadvantages with unmodified PNA regarding cellular uptake, covalent coupling of PNA is required with cell penetrating peptides which improves cytosolic delivery. Artificial PNA oligomers which generally require 20--25 bases oligonucleotide probes have been used frequently in diagnosis, molecular biology procedures, antigene and antisense therapies ([@bib0315]). PNA is neither a nucleic acid nor a protein and it can withstand both nucleases and proteases; so has become a potential biomolecular tool with a superior lifetime for *in vivo* and *in vitro* applications such as, molecular diagnostics and antisense therapeutics ([@bib0195]). Although many researchers have reviewed the PNA chemistry, ([@bib0490], [@bib0560]) their modifications ([@bib0435], [@bib0515], [@bib0335]), properties ([@bib0185]) and perspectives in molecular diagnostics ([@bib0470]), but in this review we are focusing on various properties of PNA along with special emphasis on its biomedical applications.

1.1. Chemical modifications in PNA backbone {#sec0010}
-------------------------------------------

The backbone of the typical PNA monomer has been subjected to a variety of rational modifications with an approach of understanding the structure-activity relations in this class of DNA mimics as well as obtaining PNA oligomers with specifically improved properties for various applications in medicine, diagnostics and molecular biology. The limitations of PNA for such applications include poor membrane permeability, low aqueous solubility, and ambiguity in DNA binding orientation. The strategy behind these modifications includes:1.Introduction of chirality into the achiral PNA backbone.2.Rigidify PNA backbone *via* conformational constraint to pre-organize the PNA structure and entropically drive the duplex formation.3.Introduction of cationic functional groups to improve water solubility.4.Modulate nucleobase pairing either by modification of the linker or the nucleobase itself for effective binding at physiological conditions.

Chemical modifications in PNA have been done by introducing different substituents, conformationally constrained cyclic backbones, or modified nucleobases. For instance, the presence of amide group provides rigidity to the structure which was replaced with an amine group, resulting into the reduction of binding affinity which further confirmed the significance of 'constrained flexibility' of PNA backbone. In order to increase rigidity, a cyclic group such as cyclohexyl ([@bib0460]) was incorporated but it resulted in decreased binding affinity. On the contrary, introduction of cyclopentyl ([@bib0400]), (2S,5R)-aminoethyl pipecolyl ([@bib0485]), prolyl ([@bib0075]) derivatives were found to improve binding affinity. Furthermore, charged PNAs have been developed to enhance the solubility and cellular delivery by introducing groups like phosphates ([@bib0480]) and guanidium ([@bib0220]) in the backbone.

Moreover, recognition of single mismatch was greatly improved as compared to that observed for other chiral or achiral PNAs. Thus PNAs having chiral entity possess many properties essential for the detection of point mutations and selective binding in diagnostics and therapeutics. By linking different parts of PNA backbone, the effect of chirality and conformational restriction on the binding affinity of PNA can be determined ([Table 1](#tbl0005){ref-type="table"} ).Table 1Different modifications in PNA backbone along with the impact of modifications in properties.Table 1S. N.Monomer StructureStructureFeaturesRef.1.Phosphono PNA![](fx1_lrg.gif)Antisense activity([@bib0480])2.α-Guanyl-ated PNA![](fx2_lrg.gif)Remarkable cellular uptake properties while maintaining Watson-Crick recognition with complementary DNA strand.([@bib0220], [@bib0125])3.α-Amino methylene PNA![](fx3_lrg.gif)Enhanced cellular uptake([@bib0325], [@bib0330])4.α-lysine PNA![](fx4_lrg.gif)PNA-DNA duplex stability.([@bib0220])5.β-methyl PNA (R and S forms)![](fx5_lrg.gif)PNA bearing S-form chiral units was well suited to form a right-handed hybrid duplex with DNA([@bib0520])6.Cyclo-pentyl PNA![](fx6_lrg.gif)Improves the stability of PNA-DNA triplexes and PNA-RNA duplexes for a poly-T PNA. They have a better selectivity for mismatch DNA sequence.([@bib0400])7.Cyclo-hexyl PNA![](fx7_lrg.gif)(*S*,*S*) Isomer can be accommodated more easily in duplex than (*R*,*R*) isomer. Inclusion of (*R*,*R*) isomer resulted in the drastic decrease in stability of PNA-DNA/RNA complexes.([@bib0460])8.Amino-ethyl pipecolyl PNA![](fx8_lrg.gif)Stabilize the resulting complex with complementary DNA.([@bib0485])9.Amino-prolyl PNA![](fx9_lrg.gif)Stabilization of derived PNA-DNA hybrids.([@bib0075])10.Amino-ethylprolyl PNA![](fx10_lrg.gif)They possess remarkable biophysical properties in terms of triplex stability. The mixed pyrimidine hairpin sequences with N-7 guanine and cytosine *aep* PNA units exhibits directional discrimination in binding to parallel/antiparallel DNA sequences.([@bib0075])11.Pyrrolidine PNA![](fx11_lrg.gif)(2*R*,4*S*) Pyrrolidine PNA decamer formed very stable complexes with both DNA and RNA targets while incorporation of (2*S*,4*S*) thymine monomer resulted in a decreased binding efficiency. The fully modified decamer containing (3*S*,5*R*) isomer of adenine-9-yl pyrrolidine, was binding rU10 with a little lesser efficiency.([@bib0075])12.γ-Amino methylene PNA![](fx12_lrg.gif)Increased PNA-DNA binding.([@bib0325], [@bib0330])13.Diethylene glycol PNA![](fx13_lrg.gif)Enhanced water solubility & improved hybridization properties.([@bib0445])14.Thiol modified PNA![](fx14_lrg.gif)No appreciable influence on PNA/RNA duplex.([@bib0085], [@bib0130])15.γ-Amino propylene PNA![](fx15_lrg.gif)Stablized PNA/DNA duplex than corresponding PNA/RNA duplex (ΔT~m~). Higher thermal stability for PNA/RNA duplex (T~m~).([@bib0260])

1.2. Modified nucleobases {#sec0015}
-------------------------

Along with backbone modifications, PNA can also be synthesized using non-natural nucleobases which could aid in achieving higher duplex/triplex stabilities and could generate new recognition motifs with potential applications in research and diagnostics. For example, 2,6-diaminopurine offers increased affinity and selectivity for thymine and pseudoisocytosine mimics the C^+^ recognition pattern for triplex formation ([@bib0135]). 2-Aminopurine can comprise hydrogen bond in the reverse Watson-Crick mode with thymine and uracil and being inherently fluorescent it can further be used to study the kinetics of the hybridization process with complementary nucleic acids ([@bib0115]). Introduction of fluorescent thiazole orange as nucleobase into PNA afforded a PNA probe that detected hybridization through enhanced fluorescence ([@bib0210], [@bib0200]). Hypoxanthine ([@bib0450]), *N*4-benzoylcytosine ([@bib0380]) and 6-thioguanine ([@bib0150]) represent some more examples of modified nucleobases. Thiouracil along with 2,6-diaminopurine has also been utilized as a base pair in recognizing PNA/DNA which finally led a phenomenon termed as 'double duplex invasion'. Moreover, introduction of a tricyclic G-clamp ([@bib0415], [@bib0385]) modified nucleobase, *via* both base pairing and base stacking enhanced the duplex stability while increasing the solubility because of the presence of positively charged side chains. Recently, Rozners and coworkers ([@bib0285], [@bib0435]) reported that P and E nucleobases modified PNA monomers were able to isolate pyrimidine interruptions in polypurine tracts of double helical RNA. Another hydrolytically labile nucleobase 5-(acridin-9-ylamino) uracil was prepared by Matarazzoo et al. ([@bib0320]) which on hydrolysis produced highly fluorescent acridone and 5-aminouracil. Other modified nucleobases reported are thio-pseudo isocytosine ([@bib0095]) for targeting RNA duplex region; 2-amino pyridine ([@bib0020]) as a tool for detecting RNA editing and mono-*m*-(guanidinoethoxy)phenyl\] pyrrolocytosine ([@bib0585]) with enhanced and selective affinity for RNA ([Table 2](#tbl0010){ref-type="table"} ).Table 2Nucleobase modifications and their effects on PNA backbone.Table 2S. No.Modified NucleobaseStructurePropertiesReferences1.2,6-Diamino purine![](fx16_lrg.gif)Increased affinity and selectivity for thymine([@bib0135])2.Pseudoiso-cytosine![](fx17_lrg.gif)Mimics the C^+^ recognition pattern for triplex formation irrespective of surrounding pH([@bib0135])3.2-Amino purine![](fx18_lrg.gif)Can hydrogen bond with uracil and thymine in the reverse Watson-Crick mode and being inherently fluorescent, can be used to study the kinetics of the hybridization process with complementary nucleic acids([@bib0115])4.Thiazole![](fx19_lrg.gif)Forms PNA probe that fluoresced upon hybridization([@bib0210], [@bib0200])5.Hypoxanthine![](fx20_lrg.gif)Form Watson-Crick base pairs with adenine, cytosine, thymine, and uracil and achieve multimutant specificity([@bib0450])6.Thiouracil![](fx21_lrg.gif)Can invade dsDNA in antigene applications([@bib0135])7.*N*^4^-benzoyl-cytosine![](fx22_lrg.gif)candidate for a G-C pseudo-complementary base pair([@bib0380])8.6-Thioguanine![](fx23_lrg.gif)Decrease in T~m~ of 8.5 °C due to PNA:DNA heteroduplex([@bib0150])9.G-clamp![](fx24_lrg.gif)Enhanced duplex stability([@bib0415], [@bib0385])10.P-base![](fx25_lrg.gif)In polypurine tracts of double helical RNA, able to isolate pyrimidine interruptions([@bib0285], [@bib0435])11.E-base![](fx26_lrg.gif)In polypurine tracts of double helical RNA, able to isolate pyrimidine interruptions([@bib0285], [@bib0435])12.5(acridin-9-ylamino)uracil![](fx27_lrg.gif)Hydrolytically labile modification([@bib0320])13.Thio-pseudo isocytosine![](fx28_lrg.gif)Enhanced RNA duplexes recognition([@bib0095])13.2-amino pyridine![](fx29_lrg.gif)Selective triplex formation with RNA duplexes (Adenosine to inosine editing)([@bib0020])14.Mono-*m*-(guanidinoethoxy)phenyl\]pyrrolocytosine![](fx30_lrg.gif)Enhanced binding affinity for RNA and an exceptionally high fluorescence quantum yield.([@bib0585])

2. Applications {#sec0020}
===============

The artificially synthesized biopolymer PNA is a powerful biomolecular tool in the molecular genetic diagnostics with a wide range of vital applications. Due to the ability to interact with the selected target with large sequence specificity in a gene sequence, PNAs are of great interest in wide range of applications in medicinal and biotechnological areas. They are highly promising in the expansion of gene therapeutic agents, diagnostic and molecular tools for genetic analysis. It was also indicated by *in vitro* studies that PNAs could inhibit both transcription and translation of genes to which they have been targeted which guarantee their use as antigene and antisense agents.

2.1. Antigene agents {#sec0025}
--------------------

Antigene therapy using oligonucleotides have targeted various viral agents at the transcription step. In the race of finding potential antiretroviral agents, PNA oligomer (15 bases in length), conjugated to a nuclear localization signal (NLS) was found to significantly suppress HIV-1 replication in chronically infected lymphocytes and macrophages. A decrease of HIV RNA expression in PNA treated infected cells also demonstrated the inhibition of HIV-1 replication during transcription ([@bib0395]).

Interstand crosslinking in nucleic acids is one strategy for preparing a stable duplex between PNA and DNA/RNA to be targeted through covalent bond formation either by photolysis or in oxidative conditions. For instance, PNA with 4-amino-6-oxo-2-vinylpyrimidine at terminal position was found to possess excellent and selective crosslinking reactivity with thymine-DNA ([Fig. 2](#fig0010){ref-type="fig"} ) and a stable PNA-DNA complex formation was observed ([@bib0010]). This would make PNA to emerge as a new probe for regulation of the gene expression through sequence specific PNA-DNA interactions.Fig. 2Interaction of 4-amino-6-oxo-2-vinylpyrimidine in PNA with thymine-DNA.Fig. 2

In order to explore the clinical applications in fibro-proliferative disorders, PNA as an antigene reagent was found to decrease mRNA level of the gene, thereby reducing type I collagen production by fibroblast cells ([@bib0180]). In children, rhabdomyosarcomas are chief reason of death by cancer. This is related to the amplification of MYCN which could be decreased in cell lines by RNA interference and antigene PNA (AgPNA) attached to a NLS peptide. Specific nuclear delivery of the PNA was shown by fluorescence microscopy in six human neuroblastoma cell lines: SJ-​N-​KP and NB-​100 (MYCN-​nonamplified ​/less-​expressed) ​; GI-​LI-​N and IMR-​32 (MYCN-​amplified​/over-expressed) ​ and GI-​CA-​N and GI-​ME-​N (MYCN-​unamplified ​/unexpressed). The results confidently led to the discovery of a PNA-​based antigene used as cancer-​explicit agent for neuroblastoma with MYCN expression ([@bib0530]).

The over expression of RAD51, a central protein in the pathway of homologous recombination may result in resistance to chemotherapy. According to a recently published article, PNA conjugated to NLS (PKKKRKV) was found to suppress RAD51 expression in multiple myeloma and act as potential candidate in multiple myeloma chemotherapy ([@bib0015]). Furthermore, AgPNAs could also be introduced for the purpose to silence expression with mRNA targeted PNAs or siRNAs ([@bib0190]).

2.2. Antisense agents {#sec0030}
---------------------

Antisense oligonucleotides are nucleic acids that bind to the complementary mRNA sequence of the target gene and thereby reduce or block the production of the associated protein. There has been a recent revival of concern in the application of antisense oligonucleotides to treat or prevent numerous genetic disorders or infections. It is done by using different ways to prevent disease onset or arrest disease progression and the first clinical trials for amyotrophic lateral sclerosis and spinal muscular atrophy showing promising results ([@bib0425]). Acute lung injury (ALI) is a complex disorder of acute tenderness that causes degradation of the lung endothelial and epithelial barriers causing hypoxemia, dyspnoea and pulmonary oedema. Radiolabelled antisense PNA-​YR9 oligodeoxynucleotide hybrid bound with cationic knedel-​like nanoparticle can detect iNOS mRNA *in vitro* and *in vivo* which demonstrated their use in diagnosis of ALI during early stages ([@bib0465]).

### 2.2.1. Antibacterial agents and antibiotics {#sec0035}

One of the serious problem which is emerging at an alarming rate is the increasing multidrug resistant bacteria. These bacterial pathogens exhibit resistance towards conventional antibiotics due to excessive use of these antibiotics and resistance genes transfer within the bacteria. We desperately require new antibacterial drugs for the treatment of patients infected with drug resistant bacteria. Antisense PNAs as antibacterial agents were found to treat infections caused by multidrug resistant bacteria. *Pseudomonas aeruginosa* is one of the most common and clinically important pathogens due to its resistance to an extensive variety of antibiotics. PNA antisense conjugated to the carrier peptide (RXR)~4~ can be a therapeutic platform capable of targeting a variety of genes in *P. aeruginosa* ([@bib0310]). *Acinetobacter baumannii* causes common and severe community and hospital acquired infections. Wang et al. ([@bib0580]) established antisense PNAs to carry out gene specific inhibition effects in multiresistant drug against *A. baumannii*. The described PNAs conjugated to the (KFF)~3~K peptide targeted the growth of essential gene gyrA in *A. baumannii* and showed strong inhibition effects with lowest inhibitory and bactericidal concentration of 5 and 10 μM, respectively.

Recent studies also revealed the potential of duplex DNA-invading γPNAs for the identification of both bacterial and fungal pathogens directly from blood without any need for culturing which is time consuming. This approach would help in improving patient's health by fast and appropriate antimicrobial intervention ([@bib0355]). Gorska et al. ([@bib0110]) scanned various target sites in 16S RNA that could be bound with PNA oligomers and one of the tested site verified the bacterial growth inhibition by a PNA oligomer. PNA as antisense molecules when conjugated to a cell penetrating peptide (CPP, i.e. octa-[d]{.smallcaps}-lysine) is used as a potential tool for *Plasmodium falciparum* gene silencing and in the development of potential and highly specific antimalarial agents ([@bib0250]). Antisense peptide nucleic acids (APNAs) could also be effectively used to restore vulnerability to *β*-lactams in methicillin-resistant *Staphylococcus aureus* and *Staphylococcus pseudintermedius* ([@bib0120]). It was also shown that APNA conjugated with antimicrobial peptides could effectively target acpP gene (responsible for growth of fatty acid chain in the biosynthesis of fatty acid) in *E. coli* with MIC values of 2--4 μM ([@bib0140]). The ability of APNAs conjugated to the (KFF)​~3~K CPP in *Salmonella enterica* serovar Typhimurium was explored to target possible essential genes (ligA, rpoA, rpoD, engA, tsf, and kdtA). It was concluded that the anti-​rpoA and −​rpoD PNAs showed highest strength and can be used as antisense agent for down regulating biofilm formation in *P. aeruginosa* PAO1 as well as inhibit the inflammatory response. It provides great opportunity for the development of new tool for microbial genetic treatment ([@bib0505], [@bib0160], [@bib0340]).

Sadeghizadeh et al. ([@bib0440]) studied the potential of peptide-​PNA as antibacterial agent and also considered the uptake efficiency of dendritic cells (DCs) for PNA treated bacteria. It was found that peptide-PNA may emerge as an excellent candidate in immunological and DNA vaccine. APNAs also targeted essential genes infected with *Klebsiella pneumoniae* (10\^4 CFU) without any significant toxicity to the human cells ([@bib0270]).

*Campylobacter jejuni* is the chief pathogen that enters the human body through food causing millions of cases of infection. A resistance-​nodulation-​cell division (RND)​-​type multidrug, CmeABC efflux pump resulted into the resistance to potential antibiotics in Campylobacter. For its inhibition, developed PNAs were conjugated to the translational initiation regions of CmeABC and amongst them, CmeA gene was found to be the best target by antisense PNA ([Table 3](#tbl0015){ref-type="table"} ) ([@bib0375]).Table 3CmeA-PNAs used.Table 3PNASequenceTarget sequences of PNAs against *cmeA*CmeA-PNA1KFFKFFKFFK-TGCCTTGAAAAAaaaaagttccgtCmeA-PNA2KFFKFFKFFK-TTTTGCCTTGAAaagttccgttttCmeA-PNA3KFFKFFKFFK-TGGTTTTGCCTTttccgttttgg**t**CmeA-PNA4KFFKFFKFFK-TCATGGTTTTGCcgttttgg**tac**tCmeA-PNA5KFFKFFKFFK-ATTTCATGGTTTtttgg**tac**tttaCmeA-PNA6KFFKFFKFFK-AATAATTTCATGg**tac**tttaataa[^1]

### 2.2.2. Anticancer agents {#sec0040}

Micro-RNA consists of 20--24 nucleotides, are regulatory RNA and increase or decrease in their expression have been found to be associated with various diseases. MicroRNA-​155 (miR-​155) regulates various pathways associated with immune-regulation and multiplication of the cell but it's over expression causes various tumors. A conjugate of encapsulated APNAs inhibited the over expression of miR-​155 which led to the development of potential therapeutic option for cancer ([@bib0030]).

B-​cell leukemia-​2 (bcl-​2) is a proto-​oncogene and its protein product is a chief apoptosis inhibitor in non-​Hodgkin\'s lymphoma. The overexpression of gene bcl-2 was found to exhibit strong resistance to chemotherapy & radiations. A radiolabeled ^177^Lu DOTA-​anti-​bcl-​2-​Tyr3-​octreotate PNA​-​peptide conjugate was designed which resulted in 51% decline in expression of bcl-2 protein in lymphocytic lymphoma cell line Mec-1 cells through antisense activity along with radiologic effects ([@bib0035]). Another designed APNA as per sequence of MUC1 gene was transfected by liposome into human gastric cancer cells (MKN-​45) and the down regulation of MUC1 gene expression successfully inhibited the invasion of tumor cell ([@bib0525]). Survivin mRNA APNA ([@bib0620], [@bib0625]) and c-​myc mRNA APNA ([@bib0610], [@bib0615]) labeled with 99Tcm could be effectively used as prospective tumor imaging agents. They might also be used to differentiate tumor from inflammation and also in early diagnosis of colorectal cancer. In another citation, it was also concluded that ^125^I labeled APNA could inhibit the overexpression of CerbB-​2 proto-oncogene in human ovarian epithelial cancer cell lines SKOV3. This inhibition of the gene was done on the mRNA translation and protein expression level ([@bib0165]). Moreover, APNA was also found to block mitochondrial DNA transcript promoter of lung cancer SPC-​A1 and changes its physiological characteristics ([@bib0570]). In addition to this, PNAs as antisense agents can also provide a new approach to be used to suppress nonsense terminations which are responsible for a large number of hereditary genetic disorders and cancer ([@bib0255]).

### 2.2.3. Antiviral agents {#sec0045}

PRF-1 signal is responsible for synthesizing RNA replicase polyproteins in virus for genome replication, especially for severe acute respiratory syndrome coronavirus replication. Lee et al. ([@bib0005]) evaluated the potential antiviral effect of APNAs with RNA sequence on the PRF-1 signal as target.

Hepatitis B virus (HBV) is emerging as a major risk to the human health as it can cause chronic hepatitis, carcinoma and cirrhosis. Recently, an APNA was synthesized which targeted the HBV direct repeat (DR) sequences. Tat-PNA-DR efficiently inhibited the replication process of HBV in HepG2.2.15 cells *in vitro* and *in vivo*. Interestingly, Tat-PNA-DR was also found to exhibit less cellular toxicity and hemolysis ([@bib0605]).

2.3. PNA Probes in Polymerase Chain Reaction (PCR) {#sec0050}
--------------------------------------------------

In medical and biological research laboratories, polymerase chain reaction (PCR) is a frequent technique to amplify a DNA target sequence, generating thousands of copies for a variety of biomedical applications. PNA-mediated PCR clamping was also used for the amplification and consequently identification of minor allele in blood chimerism whereas direct sequencing of ordinary PCR product could not identify it ([@bib0455]).

Jeong et al. ([@bib0205]) had utilized PNA probe to detect carbapenemase genes by preparing PNA probe-based multiplex real-time PCR kits. They focused their study on most prevailing carbapenemase genes by collecting data from 318 g-negative clinical isolates in 36 diverse hospital laboratories situated in Korea. A high sensitivity and specificity (above 99.0%) with good detection limit, stable reproducibility, no cross reactivity and a long shelf-life (more than eight months) suggested the potential application of PNA based multiplex real-time PCR kits and aid the control of carbapenemase genes. Furthermore, PNA mediated QPCR technique was developed by Machnik and group ([@bib0305]) for the ultrasensitive detection of multiple Sclerosis-associated retrovirus (MSRV) which belongs to the human endogenous retrovirus-W (HERV-W) family. They utilized the complementary PNA probe which did not obstruct the amplification of MSRV. The balancing PNA probe used in this assay selectively blocked the increase of ERVWE1 (another member of HERV-W family), resulting in the specific detection of MSRV. Now-a-days, PNA probe based PCR techniques are quite demanding in the scientific community for the ultrasensitive detection of different kinds of genetic drivers ([@bib0275]).

PNA clamping was used in detecting mutation in gene GNAS1 that causes McCune-​Albright syndrome, a disorder which affects bones, skin and endocrine tissues of patients ([@bib0350]). PNA clamping was also found to show higher and accurate detection rate for epidermal growth factor receptor (EGFR) gene mutations as compared to direct sequencing in patients with non-small cell lung cancer ([@bib0595]). In addition, PNA-​LNA PCR clamp assay was used to detect the status of gene mutation of EGFR recognized in non-small cell lung cancer in pleural fluid samples ([@bib0500], [@bib0065]).

2.4. Use of PNA probes in Fluorescence In Situ Hybridization (PNA-FISH) {#sec0055}
-----------------------------------------------------------------------

Techniques like PNA-​FISH are used for the specific and selective identification of *S. aureus* ([@bib0155]). PNA-FISH methodology was also used for the diagnosis of bacterial vaginosis which is a common vaginal infection. The method was found to be time saving, highly specific and provided a valuable and trustful diagnostic tool ([@bib0300]). PNA-FISH was found to be useful for the detection of pathogenic oomycete *Aphanomyces invadans* which is responsible for ulcerative mycosis, a skin disease caused by a fungus-​like agent of wild and cultured fish ([@bib0555]). In another study, PNA probe-FISH assay was used for detecting mycobacteria with great specificity and sensitivity which helps in the fast and effective treatment of tuberculosis ([@bib0280]).

Recently, Rosso and group ([@bib0430]) developed an assay for the specified detection at a single cell level of *BCR-ABLT315I* mutation that causes chronic myelogenous leukemia. They prepared the assay using PNA technology coupled to immune-fluorescence microscopy, thereby improving the diagnostic resolution and clonal prevalence study.

2.5. PNA based Biosensors {#sec0060}
-------------------------

During past few decades, biosensor technology has gained considerable attention in playing a significant analytical role in different industrial and academic applications especially in certain areas like medical, environmental, food, quarantine control, safety, security, as well as defense. Singh et al. ([@bib0495]) reviewed the use of PNA based biosensors that provide rapid, selective, sensitive, cost effective, simple, and precise detection of DNA hybridization. These biosensors are quite functional in perceiving targeted genes which are responsible for particular disease. [Fig. 3](#fig0015){ref-type="fig"} shows PNA-DNA hybridization used for detection of DNA sequence. The biosensor functionalized with PNA probes based on a double tilted fiber Bragg grating (DTFBG) was used for the detection of direct label-free DNA with good sensitivity for a solution having concentration as low as 10 nM. Moreover, the sensor could discriminate single-nucleotide polymorphism (SNP) of the DNA strand if mismatched DNA strands were used. This strategy of electrochemical biosensor based on PNA probe can also be applied to other target analytes like proteins or contaminants ([@bib0055]). It was also useful in the detection of target DNA sequence and single nucleotide mutation in p53 tumor suppressor gene ([@bib0420]).Fig. 3DNA-PNA hybridization which helps in detection of DNA sequence *via* signal amplification process.Fig. 3

Hejazi et al. ([@bib0145]) reported an electrochemical DNA biosensor consisting of PNA probe and 6-​mercapto-​1-​hexanol. The hepatitis C virus genotype 3a core​/E1 region based 14-​mer PNA probe was covalently attached on the electrode. A double stranded PNA-DNA was produced by the selective hybridization of this probe with a complementary sequence in solution which was further used to detect the target DNA sequence. High reproducibility, specificity along with good detection limit 5.7 × 10^−11^  M described the hybridization of PNA probe as a good detection technique.

Furthermore, ion-sensitive field-effect transistor (IS-FET) based biosensors show potential applications in various human disease diagnostics. Due to highly specific and selective binding nature of PNA at low ionic strength, PNA modified IS-FET biosensor has been developed. It is found to be useful in the detection of hybridization of negatively charged DNA with PNA ([@bib0540]). In this biosensor, PNA was immobilized on silicon nitride gate insulator *via* reaction between thiol group of cysteine in PNA and succinimide group of N-(6-maleimidocaproyloxy)succinimide. It showed a good correlation between K~d~ and T~m~ of PNA-DNA duplexes. Upon PNA probe immobilization, the biosensor was used to monitor the PNA-DNA hybridization event efficiently in situ and in real time. Furthermore, 5-​trifluoromethyl-​derived biosensor was prepared by incorporating trifluoromethyl and 3,​3-​bis(trifluoromethyl)​-​4,​4,​4-​trifluorobut-​1-​ynyl groups on PNA strand. The applicability of biosensor was studied by ^19^F NMR spectroscopy due to the appearance of distinctive ^19^F resonance shifts in NMR upon PNA targeting to complementary DNA/RNA. This biosensor monitored the inter-conversions from parallel DNA​/PNA complex to an anti-parallel RNA​/PNA complex and from a PNA/PNA complex to two different DNA​/PNA complexes (*i.e.* double-duplex invasion) ([@bib0245]).

In lieu of finding integrated, portable and economical devices for DNA recognition, a highly sensitive electrochemical DNA sensor that does not require probe immobilization has been developed ([@bib0590]). This method took advantage of the strand-displacement activity of a DNA polymerase and the difference in diffusivity between free ferrocene-​labeled (Fc-​PNA) PNA and DNA hybridized Fc-PNA towards a negatively charged ITO electrode surface. This resulted in a 2--3 orders of magnitude improvement in detection sensitivity as compared with earlier reported immobilization free DNA biosensors. The superior sensitivity in combination with the operation convenience made this method a promising alternative for development of integrated, miniaturize, portable and low cost DNA detection devices.

2.6. PNA/DNA hybridization with Nanoparticles {#sec0065}
---------------------------------------------

Colorimetric assay is another important method of DNA detection which is based on the aggregation of unmodified metallic nanoparticles ([@bib0215]). In this hybridization based method, charged neutral PNA were used as a "coagulant" of citrate anion-​coated particles and the assay was validated using gold (Au) and silver (Ag) nanoparticles (NPs). It was found that for discriminating single-​base-​mismatch, the Ag NPs possess greater sensitivity than Au NPs, further improving the accuracy of result with the use of the multiple aggregation signatures from the two types of nanoparticles. SPR imaging enhanced by ultrasensitive nanoparticles also uses PNA probes for detecting single-​nucleotide mismatches in DNA sequences with greater selectivity ([@bib0080]).

In another research article, an electrochemical biosensor was reported for the fast analysis of nucleic acids as well as nuclease activity on both electroactive bionanoparticles and nucleic acids ([@bib0225]). In this process, the detection of SNPs was done by using ferrocene-​conjugated chitosan nanoparticles (Chi-​Fc) as an electroactive marker of hybridization. The hybridized PNA-DNA gold electrode (AuE) surface enabled the electrostatic attachment of Chi-​Fc to the negatively charged phosphate backbone of DNA resulting into a sharp electrochemical oxidation signal from ferrocene at ∼0.30 V. The nonspecifically adsorbed SNP DNA was effectively removed by exposing the surface to a Nuclease S1, a specific nuclease for ssDNA. Then the enzymatic digestion with successive exposure of the surface to Chi-​Fc signified the presence of SNPs with a good detection limit of 1 fM (S​/N = 3).

Recently, a group has utilized PNA/DNA hybridization directly in solution using unmodified Au NPs for dengue virus detection ([@bib0410]). In this novel optical detection method, neutral charged PNA was coated on AuNPs surface causing immediate aggregation in solution. When the PNA probe got hybridized to the negatively charged phosphate backbone of complementary target DNA, it resulted in to the formation of negatively charged complexes which got adsorbed on the surface of AuNPs. The process could be seen by naked eyes due to the immediate change in color as well as through UV--vis adsorption spectra. The group also showed good selectivity and specificity of the above label-free colorimetric method, indicating it as a successful method in solution too without any immobilization strategy.

PNA-​modified magnetic nanoparticles were prepared from 4-pyridyldithiol derivative of PNA attached to 3-mercapropropyloxysilane coated magnetic nanoparticles. These were found to hybridize with the ssDNA target efficiently and did not show any affinity for non-complementary DNA. This approach may provide a means of direct and label-​free gene analysis ([@bib0565]). Immobilization of PNA on super paramagnetic iron oxide nanoparticles showed its potential for sequence selective DNA recognition. These magnetic nanosensors could be easily delivered to a desired target by simply applying controlled external electromagnetic field, providing a novel method of selective DNA recognition. These generated PNA-nanoconjugates were found to possess great potential for varied biomedical applications ([@bib0405]).

2.7. PNA/PNA duplexes {#sec0070}
---------------------

PNA having chiral entity possess many properties essential for the detection of point mutations and selective binding in diagnostics and therapeutics. Totsingan and group ([@bib0535]) synthesized and studied the chiral optical properties of different oligomers of PNA/PNA duplexes, where different amino acids were attached at the terminal of a single strand of each duplex. In this statistical theoretical model, it was observed that the PNA/PNA double helix had access to a dynamic ensemble of conformational states in solution which varied as a function of oligomer length. This was in accordance with the joint properties of the challenging conformations of the double helix which further showed the importance of chiral optical properties of different oligomers. PNA duplex (PNA zipper) can also bring two polypeptides or protein domains in close proximity. This ability of dimerization was tested with PNA zipper-​GCN4 that was known to bind both the TRE and CRE DNA sites, but it was found not to bind TRE and CRE mutants as the native GCN4 containing even a single base mutation. A good correlation was found between the capability of the PNA zipper-​GCN4 to fold into α helixes and to bind DNA ([@bib0390]).

2.8. PNA encoded libraries {#sec0075}
--------------------------

Researchers have demonstrated the application of combinatorial self assembly of PNA-​encoded carbohydrate fragments in accessing the complex glycan arrays ([@bib0170]). These PNA-​tagged glycan arrays were prepared from native oligosaccharides in a two to three step process. In this protocol of glycan immobilization, the homogeneous distribution of ligands was obtained within a microarray spot. This further offered the use of microarrays in higher degree than the available standard contact printing method. In another article, the good compatibility along with standard solid phase synthesis capability of PNA encoded chemical libraries was utilized to synthesize libraries of peptides, heterocycles and glycoconjugates and further diverse screening formats were used to yield specific ligands ([@bib0600]). Furthermore, PNA encoded synthesis of a 10,000-member hetero-glycoconjugate library was also reported and an extremely miniaturized synthetic format was used to analyze microarray of diverse lectins ([@bib0370]). Recently, Decurtins and group ([@bib0090]) have utilized DNA encoded chemical libraries in automated screening for small organic ligands.

2.9. PNA based photosensitive compound {#sec0080}
--------------------------------------

Hybridization of PNA with DNA gives rise to the formation of PNA based photosensitive compounds which have noteworthy potential in research and diagnostics, medicines, biotechnology and nanotechnology ([@bib0510]). These hybridized PNA molecules act as photochromic compounds by their modification with a single azobenzene, the most studied class of photochromic molecules. As per the study, these photochromic compounds could act as light-​activated switches with high spatial and temporal resolution for controlling structure, suggestive of a new and generic way of placing nucleic acids based bio- and nanotechnologies under dynamic control by light ([@bib0050]). In another article, novel complex was found to be formed between cyanine dye, '3,​3′-​diethylthiacarbocyanine iodide', target genomic DNA and a complementary PNA probe. This complex worked as a photosensitizer that enhances photobleaching of dye molecules which rapidly detected the nucleic acid ([@bib0575]).

2.10. PNA microarray {#sec0085}
--------------------

Researchers have also demonstrated a new on chip rapid technology based on PNA microarray as a powerful tool for cancer research, diagnosis and extrapolative assessment. In this technique, the unlabeled RNA was hybridized to the PNA microarray. This was further labeled by enzymic ligation of pCp-​Cy3 on the chip, resulting into the analysis of expression profiles with high fidelity. This assay showed high reproducibility and low cross-​hybridization for miRNAs belonging to the let-​7 and miR-​181 families, which differ by a single nucleotide ([@bib0235]). While using microarray technology for different biological and medical studies, arrays of PNAs were prepared as well as their microRNAs capture abilities were evaluated. It was found that the sensitivity of 10-​mer PNA probes was much higher than that of the corresponding DNA probes in targeting miRNAs ([@bib0105]).

2.11. Loop structures {#sec0090}
---------------------

PNAs when interact with complementary dsDNAs by displacement of strand, the loop induced by the PNA can be recognized by the RNA polymerase. Thus, PNA can act as artificial transcription promoters describing PNA as a specific gene activating reagents and its use in drugs ([@bib0295]). Shimada and group ([@bib0475]) prepared a PNA conjugate having bipyridine unit into the loop moiety of PNAs. This conjugate was specifically designed to structure a PNA/DNA bimolecular triplex and a hairpin. It was observed that on addition of Cu^2+^, the thermal stability of hairpin structure was hardly affected whereas the stability of PNA/DNA bimolecular triplex structure was drastically destabilized. This was due to its complexation with Cu^2+^ that changed the conformation of bipyridine unit and decreased the *T~m~* value by 17.4 °C resulting into 1000-fold decrease in the binding constant. Hence, the formed loop moiety could further be utilized as an allosteric DNA carrier which released DNA in the presence of certain concentration of metal ion. Kundu and group ([@bib0265]) developed a simple method to study the dynamic properties of modified nucleotides. They determined the binding constant between PNA and a hairpin-​structured DNA through an affinity capillary electrophoresis method. In another report, small cyclic PNAs ([@bib0550]) and guanidine based PNAs ([@bib0125]) were found to inhibit viral replication while targeting human immunodeficiency virus-1 (HIV-1) transactivation responsive element (TAR)​RNA loop. These modified short PNA sequences were found to be highly specific, stable in biological media and possessed enhanced cellular delivery which proved them to be potential anti-HIV agents. These cyclic PNAs were also observed to target HIV-​1 TAR RNA loop through strong interactions with their TAR RNA target. This was found to be even more specific than APNA ([@bib0545]).

It was also shown by researchers that guanine rich PNAs selectively formed PNA-DNA or PNA-RNA heteroquadruplex structures which may emerge as potential anticancer agents. It was found that *γ*-PNA binding to complementary DNA and RNA was favored thermodynamically which resulted in a stronger binding than unmodified PNA. It might be due to the fact that the L-modified structure matched the preferred right handed helicity of DNA and RNA duplexes ([@bib0290]).

2.12. Diverse applications {#sec0095}
--------------------------

Recently, it was shown by researchers that γ-S-carboxyethyl-T10 PNA formed a stable PNA~2~-DNA triplex as compared to its α-analogue ([@bib0240]). PNAs are also found to form stable triplex invasion complexes, and also conventional triplexes with the dsDNA target. This sequence-​selective recognition might occur by helix invasion *via* triplex P-​loop formation or by major groove triplex binding ([@bib0045]).

Cao and group ([@bib0060]) explored the single-molecule AFM measurements to probe PNA-DNA hybridization where a stable hybrid was formed between PNA sequence of six thymine bases and complementary DNA sequence. It was observed that a very high force (∼148 pN) was required to rupture the hybrid than that of \<100 pN to unbind the native short DNA duplex. The energetic and kinetic aspects of PNA--DNA interaction were portrayed by applying single molecular force study and estimating various kinetic parameters such as thermal force scale (fβ∼17.5 pN), distance to the energy barrier for dissociation (Δx ∼ 0.23 nm) and dissociation rate constant at zero force (koff ∼ 2.5 s^−1^). The results indicated the stronger binding affinity in PNA-DNA than DNA-DNA duplexes as well as sensitivity and specificity of PNA--DNA hybridization to a single base mismatch.

In addition to above, the fluorescent intensity of nucleobase by adding vinyl group at 8 position of guanine was utilized for differentiating the hybridization states of specific double strands with DNA, RNA, and PNA as well as quadruplex forming RNA​/PNA oligomers ([@bib0345]). Moreover, it was also shown that dual labeled PNA probes can effectively be used for mutation detection through melting point analysis ([@bib0175]). Another concept of PNA based hybrid hydrogels was introduced by Chu and co-workers. Multiple PNAs were grafted on water soluble polymer, *N-*(2-hydroxypropyl)methacrylamide which underwent further crosslinking upon linker DNA addition to produce two types of hydrogels. These hydrogels could be exploited as novel biomaterials for varied pharmaceutical applications ([@bib0070]).

3. Conclusion {#sec0100}
=============

PNAs, synthesized in 1991 are the DNA/RNA analogues which have been found to possess significant applications in molecular genetics and biotechnology. Due to its increased stability in biological fluids and high binding affinity, the PNA applications are attaining interest in vast field of research and development. PNA can be utilized as biological probe as well as in discovering electrifying innovative and influential detection methods, *viz*. sensors, detection of mutations and modulation of PCR reactions. In this review, we have focused on various reported applications of backbone (un)modified PNA. The hybrid structures have varied biological and chemical properties which could make PNA's great impact especially as antigene and antisense agents and probe-based assays which directed PNA as a major strike for the medical professionals in the coming century.
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[^1]: Note:- The ribosome binding sites, most subjected to antisense inhibition by PNA are underlined, and the start codon is in bold.
